A geographic information system (GIS) was developed for retrieval and display of hydrodynamic and water quality data. To establish such a system, two of the most important challenges are: (1) to establish a rigorous model which captures the three-dimensional and continuously changing characteristics of marine data and (2) to develop interpolation techniques to accommodate for the temporally and spatially scattered distribution of collected data. The developed system not only bridges together a GIS and a database of various physical, chemical and biological geographically based data for efficient retrieval and management of information, but also incorporates advanced display tools designed specifically for marine data. The initial intention of extending GIS for marine application is to mitigate the deteriorating water quality situation in the Pearl River Estuary (PRE).
Efforts must be placed in deriving values at the unknown points through interpolation (Caeiro et al. 2003) .
In this study, hydrodynamic and water quality data of the PRE have been gathered from the public domain and an application is developed using GIS technology with the focus placed on addressing these two issues. The collected data, consisting of various physical, chemical and biological parameters, are first compiled into a database system using the MS Access software. MS Access software -a relatively small database system -is capable of performing complex queries and provides sufficient storage capacity for the collected text-based data. The developed database system is then linked with a GIS (ARCVIEW software is used in this project) for efficient management, retrieval and displaying of information (see Figure 1) . The system uses the basic functionality of ARCVIEW as well as one additional extension, namely Spatial Analyst.
STUDY AREA
The PRE, with an area of more than 2000 km 2 , is a triangular-shaped estuary which receives freshwater from the Pearl River Delta (PRD) and drains into the South China Sea (see Figure 2 ). The estuary is exposed to effluent Figure 3 ).
GIS PROJECT
The GIS application has been developed to support the retrieval, display and interpolation of collected data. The customization process is carried out using the software's built-in Visual Basic for Application (VBA) scripting capabilities for manipulation of ArcObjects. In addition, two interactive tool components (i.e. profile and section display, and dynamic display) are developed from the Active Dynamic Link Library (DLL) in Visual Basic (VB) and registered into the system. A menu-driven interface is used to conduct GIS-related hydrodynamic analysis. The main components of the developed system are: (1) data display, (2) data interpolation and (3) an interactive tool for data display: profile and section display, and dynamic display.
Data display
There are three basic ways to display raw measurement data (see Figure 4) . The simplest data displaying method using GIS is a spatial snapshot in the horizontal direction at a specified time and depth. Two other data displaying functions, times series plot and vertical profile display, are also incorporated into the system for examining temporal and depth variation.
A spatial layer can be created by specifying a list of input parameters including the data source, the data set, the measurement table, the hydrodynamic or water quality parameter, the measurement depth level (e.g. surface, middle, bottom) or depth range (i.e. from a specific distance from the water surface to another) and the measurement time period (see Figure 5 ). Based upon these selection criteria, the GIS will command the MS Access database system to perform a Structured Query Language (SQL) query to extract the information for creating a point feature layer. The system will identify which station table the selected measurement table is related to, its coordinate system (i.e. geographic or projected) and extract and display the data accordingly. For efficiency in creating multiple layers, this data retrieval process can also be done in a batch mode. In this case, either a block of time series spatial layers or a block of profile spatial layers can be created.
A similar querying operation applies for creating time series and profile plots. Graphing displays for time series and profiles are developed using Microsoft Office Chart
Component. The output of the time series function is an x-y scatter plot, with time given in the x axis and the specified hydrodynamic or water quality parameter in the y axis (see 
Data interpolation
Both spatial and one-dimensional interpolation techniques are used for estimating values at points in space and time at which no measurement was taken. For spatial interpolation, While temporal interpolation is for deriving values at an unsampled point in time for a specified fixed station, profile interpolation is for deriving values at an unknown point along a vertical water column (see Figure 7 ). For both temporal and profile interpolation, a wide range of mathematic functions is available for curve fitting:
† Spline (linear and natural cubic). 
With the exception of the spline method, data are fitted with the above equations based on the Least-Square method.
The interpolation module also evaluates and displays the root mean square R of the deviations, to allow examination of the goodness-of-fit of the selected interpolation function.
Although the selection of which one-dimensional interpolation method to apply is essentially controlled by the user, the program will advise on the interpolation method for the hydrodynamic parameter which conforms particularly well with certain mathematical functions according to hydrodynamic and sediment transport theories.
For instance, the trigonometric function will be suggested for fitting tidal data since tidal level generally varies in a harmonic manner according to the following equation:
where h(t) is the tidal level at time t, h 0 is mean sea level above datum of reference, v j is the angular frequency of the jth harmonic constituent, A j is the amplitude of the jth constituent and d j is the phase lag of the jth constituent. In specifying the frequency of the fitting curve, a list of tidal constituents (see Figure 8 ) (e.g. M 2 for semi-diurnal species, principal lunar constituent) is available for selection. A j and d j will also be computed based on the derived coefficients of the trigonometric function. Furthermore, the program allows a selection of up to a maximum of 25 tidal constituents. This accounts for all the major harmonic constituents of semidiurnal, diurnal and quarter-diurnal conditions. Since each set of collected tidal measurements is of considerable length (i.e. N is large), for most cases the criteria for separation of harmonic constants are satisfied:
N . T j and N . 3608 v i 2 v j for any constituent pair ði; jÞ where T j is the period of the jth harmonic constituent (Ip & Wai 1990) .
Another example in which an interpolation method will be recommended is for current velocity. Since it is known that velocity distribution in a boundary layer follows the log-law profile, the program will suggest fitting velocity data based on the logarithmic function:
where u is the current velocity at y measured from the lowest point of the bed surface upwards, u p is the shear velocity, K is the Von Karman constant, d is the thickness of laminar (or viscous) sublayer and u d is the current velocity at boundary layer (Yalin 1977) .
Additionally, two other interpolation functions, tempospatial and profile-spatial, both of which combine onedimensional and spatial interpolation techniques, are also included (see Figure 9 ). For a certain group of data to be placed into a spatial layer, these data must be collected at the same time instant and depth level. However, very often the sampling time among the survey stations are not simultaneous with one another and the tempo-spatial interpolation function is intended to deal with this problem.
With this function, a fitted curve is first obtained from the time series at each sampling station. Then, using these curves, values at certain specified time instants can be estimated to create a set of point feature spatial layers, which can be further converted into rasters using spatial interpolation methods. The result is a time series interpolated block. The profile-spatial function is to account for different measurement depth levels among stations and the interpolation concept behind it is much the same as that for tempo-spatial interpolation.
Interactive tool for data display
To enhance the comprehensiveness of information from interpolated blocks, also included in the program are two interactive tools: (1) profile and section display and (2) dynamic time series display.
Profile and section display
To facilitate the profile display tool, the user first specifies the name of the interpolated block in which the profile plot will be created, and then clicks a location within the map region. The custom profile tool extracts values at the selected point from each of the raster layers in the interpolated block and generates a profile plot using the extracted values (see Figure 10 ). Similar data extraction techniques apply for creating a section display (see Figure 11 ). However, instead of clicking a single point, the user selects two points to generate a section color map plot.
In creating a section plot, the system will first identify the ocean bathymetry along the line from a raster depth layer in order to draw a polygon object representing the seabed.
Then, from each layer, several discrete values will be taken out along the specified line and plotted accordingly into a shapefile. Since ArcMap provides the capability for spatial interpolation, this point feature shapefile can be further interpolated into a raster layer. With the seabed polygon object overlapping a rectangular raster image, the result is a colormap of the sectional view of the specified parameter.
Note that, for plotting of the section point feature shapefile, the representation has been stretched vertically (i.e. the distance between layers has been magnified). The vertical scaling of the section plot is necessary in order to avoid spatial interpolation operation error in ARCVIEW and to enhance the visibility of the section display. Since the value for each cell in spatial interpolation is determined primarily by the values of the input points and its distance from the points, the directional stretching of the plot will induce a certain degree of error into the interpolated result, and this error will be likely to have a greater influence when vertical dispersion of the parameter of interest is significant.
Nevertheless, the interpolated result at cells close to the input layers will be relatively stable and thus provides a rough estimate of the spatial distribution in vertical section.
A physically based interpolation method that explicitly accounts for vertical and horizontal dispersion will be explored in future work to deal with this error.
Dynamic time series display
As the hydrodynamic characteristic of the marine environment is endlessly changing, dynamic display is an important tool for examining and analyzing temporal variation of coastal data. Dynamic display can be implemented with a time series interpolated block. The idea for creating an interactive display of time series is very similar to that for profile (see Figure 12 ). The procedure is to select any point within the map region and values at the selected point will be extracted to create a time series plot. A module for dynamic display of the map layers has been developed using VB Timer control. By adjusting the visibility of the raster 
APPLICATION: EXAMINING TEMPORAL AND SPATIAL TREND OF PH IN HONG KONG
The purpose of this sample is to provide a demonstration on how the developed data visualization tool can be applied for examining marine hydrodynamic or water quality geographic information. The selected dataset for this example is obtained from the EPD on-going marine water and sediment quality monitoring project and the parameter of interest is pH. As shown in Figure 13 , the survey stations are quite uniformly distributed within the Hong Kong region. method. It is shown that this one-dimensional interpolation method fits the best for this dataset.
To investigate the temporal and spatial pattern of pH for the year 1998, a time series interpolated block is created using the spline -natural neighbor method for one-dimensional interpolation and IDW for spatial interpolation. The barrier polylines shown in Figure 16 Western zone, it has moved vertically downward from the surface level to the middle/bottom level.
CONCLUSIONS
The advent of GIS technology unquestionably provides new ground for the retrieval and display of coastal hydrodynamic and water quality information, and will tremendously ists not only to analyze the existing water quality conditions, but also to predict the potential environmental impact resulted from coastal construction and industrial activities and to propose mitigation measures.
